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Abstract — A wide area and error free ultra high frequency
(UHF) radio frequency identification (RFID) interrogation
system based on the use of multiple antennas used in cooperation
to provide high quality ubiquitous coverage, is presented. The
system uses an intelligent distributed antenna system (DAS)
whereby two or more spatially separated transmit and receive
antenna pairs are used to allow greatly improved multiple tag
identification performance over wide areas. The system is shown
to increase the read accuracy of 115 passive UHF RFID tags to
100% from <60% over a 10m x 8m open plan office area. The
returned signal strength of the tag backscatter signals is also
increased by an average of 10dB and 17dB over an area of 10m x
8m and 10m x 4m respectively. Furthermore, it is shown that the
DAS RFID system has improved immunity to tag orientation.
Finally, the new system is also shown to increase the tag read
speed/rate of a population of tags compared with a conventional
RFID system.

Keywords - distributed antenna system (DAS); passive ultra
high frequency (UHF) radio frequency identification (RFID);
received signal strength indicator (RSSI); range; nulls; read
success rate; read rate; tag orientation

I. INTRODUCTION

Radio Frequency Identification (RFID) technology has
recently attracted a high level of research interest. The ability
of RFID to replace barcodes, allowing storage of information
about the tagged object as well as remote reading and location
sensing, has great potential. However the overall uptake of
RFID technology has been slower than many predicted. One
reason for this is the limited reliable range of passive ultra high
frequency (UHF) RFID system operating in real environments
[1]. As a result, several studies have focused on enhancing
passive RFID coverage, for example by using phased array
techniques [2]. Recently it has been shown that an improved
area of coverage can be achieved by employing an optical
distributed antenna system (DAS) so that the effective field of
view of an RFID reader can be greatly expanded [3].

By expanding the range of view of a single RFID reader, as
well as improving the likelihood of successful tag detection,
one can envisage RFID systems with wide coverage areas as
opposed to the portal systems currently in use today, where
sensitivity constraints require the objects to pass close to the
reader antennas for detection.
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In this paper we extend the ideas first presented in [3]. By
using a co-axial rather than fibre distribution system we report
a full study of the performance improvements of the DAS
RFID system over a conventional RFID system. The problems
of multipath nulls and tag orientation as well as tag throughput
are addressed. It is shown that the DAS RFID system can
provide a wide area of coverage, with error free tag detection
and a high tag throughput in a realistic environment.

The structure of this paper is as follows: Section II provides
a brief summary of related work. In Section III, a description
of the new co-ax DAS RFID system is provided. Section III
also analyses tag orientation and the multi-path fading
dependence of tag detection accuracy and presents the
experimental methodology and discusses the results for an
error free passive RFID coverage over a wide area DAS RFID
system. Section IV presents tag read rate performance in
passive RFID system. Finally, in Section V, conclusions are
drawn from the presented results.

II. RELATED WORK

One of the main challenges facing passive RFID has been
to develop the technology so that tags can be read successfully
with high reliability over a wide area. Several studies have
been undertaken to improve passive UHF RFID system
performance in terms of coverage, read success rate and read
rate [4-6]. A key problem for RFID systems operating in real
environments is multipath fading. Due to the narrow
bandwidth of the interrogation signal, this can result in nulls
where tags cannot be read. Poor tag orientation with respect to
the reader antennas can also result in an unfavourable link loss
and reduce tag reads.

One approach to address this problem, makes use of a
passive UHF RFID system with phased array of antennas (i.e.
the antennas are in the near field region of one another) [2].
This allows phased array techniques to be employed, for
example digital beam forming to maximise the link budget.
While the narrow beamwidth of the antenna reduces multipath,
the phased array antenna technique is only applied in the
receiver path, so downlink fading remains.

Alternatively fading can be reduced by maintaining a
small separation between the interrogator antennas and the
tags compared to the distance to the closest reflector. The
short range results in a large link budget to minimise tag
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orientation problems. Therefore, in conventional RFID tag
systems, operators aim to remove nulls from areas where tags
are to be detected in order to ensure efficient performance.
However, that aim can normally be secured only by using
short antenna distances. Even then, it is impossible to achieve
completely accurate detection. Hence conventional RFID
systems require numerous antennas and RFID readers as
shown in Fig. la. The technique presented in this paper (DAS
RFID) does not attempt to remove the nulls; instead radio
frequency (RF) techniques and multiple antennas are used to
time vary the location of the nulls, moving them away from
the tag and facilitating a successful reading using a technique
we call intelligent DAS processing. In this way, it has become
possible to achieve a 100% read success rate (i.e. error free
operation) of multiple tags over a large area. A comparison of
conventional system and a DAS RFID system is shown in Fig.
1. As a result of the technique, antenna diversity can be
employed to improve immunity to tag orientation problems.

The rate at which tags can be read, the tag read rate, has
also been a major challenge in passive RFID systems due to
tag collisions that occur when multiple tags backscatter
simultaneously [7-9]. As a result, UHF RFID operators have
employed a variety of anti-collision protocols to overcome tag
collisions. For example, the Class 1 Gen 2 UHF RFID
protocol is based on the ALOHA protocol which is
fundamentally limited in its capabilities. More efficient
algorithms exist but limited processing resources on passive
tags prevent their use in this application. To date, a number of
studies have addressed the tag collision problem in literature
[10-15]. The studies have focused on how the ALOHA
algorithm can be modified or enhanced to improve tag read
rate. For instance, many researchers have proposed dynamic Q
ALOHA algorithms and enhanced dynamic framed slotted
ALOHA algorithms. We, however, show that an enhanced
read rate can be achieved in the UHF RFID system by using
intelligent DAS processing, applied over a dynamic Q
ALOHA algorithm. This improvement is due to both a
reduction in the number of collisions (result of dynamic
grouping) and an improvement in the read success rate (result
of enhanced radio coverage). The dynamic grouping is due to
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Fig. 1. A comparison of conventional RFID system and our DAS RFID system;
(b) our DAS RFID system requires fewer antennas with better range (right).
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the fact that the intelligent DAS processing technique moves
the dead spots (nulls) around the field, therefore only a portion
of the total tag population is addressed at any instant. Since
the ALOHA algorithm is more efficient with smaller
populations (here we define efficiency as the number of tag
successful reads to collided and empty to slots), DAS RFID is
able to provide a high sustained tag throughput with large tag
populations. It has been modelled to outperform conventional
RFID readers.

[II. NULLS/DEAD SPOTS AND TAG ORIENTATION IN PASSIVE
RFID SYSTEM

As shown in Fig. 2, the co-ax DAS RFID system
developed in this work is composed of a custom RFID
prototype reader containing a RI1000/R2000 Impinj
transceiver [16], DAS processing unit, four antenna pairs
each containing separate transmit (Tx) / receive (Rx) elements
and multiple passive tags. 30m of LMR-400 co-ax cable is
used as the transport medium between the RFID reader and
the antennas. The co-ax DAS is designed to operate over the
global RFID operating frequency range from 860MHz to
950MHz.

In the downlink, DAS processing is applied to RF signals
from the RFID reader. The RF signal is then carried over four
30m co-ax links before transmission at each antenna pair.
Here 30m links are used to represent a small DAS. However,
modelling shows that, operation over >100m of co-ax (for
example, using Belden 7977A co-ax cable with 2.5dB
attenuation/100ft) is possible, allowing the RFID reader to be
remote from the antennas, for instance in an IT closet. The
uplink operates in a similar manner, taking signals from an
antenna at the antenna pair, and passing them back to the
reader.

The antennas used in this work are directional, circularly
polarized ISM band (860MHz - 950MHz) antennas with a
6dBi gain, a 3dB beam width of 69° in azimuth, 67° in
elevation, and 0° down tilt. A 2 m separation between the Tx
and Rx antennas provides isolation between the uplink and
downlink.

RFID RFID
Reader Reader

DAS Processing

(a) conventional RFID system requires lots of antennas and RFID readers (left).
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Fig. 2. A protoype DAS RFID system layout based on Impinj R1000/R2000.

When a passive RFID tag receives sufficient power to
power up its internal IC, it returns its unique ID by backscatter
modulation of the reader signal in response to a carrier
frequency between 865.7MHz and 867.5MHz using phase shift
keyed (PSK) modulation.

A set of experiments are carried out to demonstrate the tag
read accuracy of a conventional RFID system and our new
DAS RFID system. Fig. 3 shows a plan view of the physical
arrangement of the four antenna pairs used in this work and of
the measurement locations over a 10m x4 m area in our
laboratory. The laboratory area is bounded by solid walls at
the left and right extremes of the figure and contains many
equipment racks which will produce multipath so may be
considered to be a realistic test environment for real world
applications. 150 Impinj Monza-4 [17] Classl Gen2 UHF
passive tags are placed at a height of 2m on a 25cm grid
interval over a 10m x 4m area as shown in Fig. 3. The tags are
orientated such that their antennas are vertically polarized and
are held fixed throughout the experiments. The interrogator
antenna pair locations are chosen to provide overlapping
coverage and the heights are matched to the tags such that
everything is on a plane 2m above the floor. A +35dBm
effective isotropically radiated power (EIRP) is transmitted
from each transmit antenna. The received signal strength
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Fig. 3. 150 Impinj Monza-4 tags are placed at a height of 2m on a 25cm
grid interval over a 10m x 4m area. The positions of the antennas are
indicated in meters in the form of (x, y) coordinates. Blue crosses represent
the tag locations.

indicator (RSSI) values of each tag are recorded over a number
of inventories for conventional single and four antenna systems
as well as the new four antenna DAS RFID system.

As shown in Fig. 4, the null locations where a tag could not
be read are shown by read crosses while successful reads are
shown by the corresponding RSSI values in the figure. It can
be seen that the conventional single and four antenna RFID
systems give a tag success rate of 81.3% and 87.3%
respectively. However, the DAS RFID with intelligent
processing gives a 100% read accuracy. It is also apparent that
the returned signal strength is higher and more uniform in the
case of the DAS RFID system. Further analysis shows that the
mean RSSI is improved by 17dB.

Fig. 5 shows the successful tag detection rate as a function
of read range over a conventional single antenna system (RSSI
distribution is shown in the left plot in Fig. 4). It can be seen
from Fig. 5 that it is only possible to achieve accurate tag
detection (ie. 100% tag read success rate) within a range of 2m
from the antenna. It is worth noting that this reliable tag
detection range will be even smaller and difficult to achieve
when tags are placed in multiple orientations, and that this
configuration represents something of a best case. Therefore, in
order to cover a large area one would be required to distribute
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Fig. 4 New DAS RFID system gives an error free performance due to
intelligent RF signal processing. Null locations are shown by read crosses
while successful reads are shown by the corresponding RSSI values.

.
80 ®
70 \
\

60 \

50 Only read range of 2m-————-
40 with 100% successful

30 tag detection
20
10

0

. "

100
90 *

Qet

N—

Read Accuracy (%)

0 1 2 3 4 5 6 7 8 9
Read Range (m)

Fig. 5. Tag detection accuracy as a function of read range for a
conventional single antenna system.

60

10

8



antennas at least every 4m when using a conventional RFID
system (as depicted schematically in Fig. 1). Hence the
conventional passive RFID system scales poorly to cover large
areas. However, the new DAS RFID system is capable of
enabling a wide area coverage using fewer antennas but with
better range.

The tag read accuracy results discussed so far have used
tag antennas matched and fixed in orientation to the reader
antennas. However, in practice, tag orientation is likely to be
random with respect to the reader antennas. It has been shown
previously that this can have a strong effect on the read
accuracy and RSSI [18]. The effect of tag orientation on tag
read accuracy and RSSI is reduced for the DAS RFID
approach due to antenna diversity combined with intelligent
DAS processing. For example, consider a typical dipole tag
with a radiation pattern shown in Fig. 6a. If the RSSI is
summed from 3 equidistant antennas, in the best case
directions (0°, 120°, 240°) and worst case (0°, 90°, 180°), the
orientation dependence of the RSSI is reduced from 50dB to
3dB (best case) and 10dB (worst case) using the DAS RFID,
as shown in Fig. 6b. In reality multipath effects will serve to
reduce the orientation dependence further.

In order to demonstrate this proof of concept, 192 tags are
placed in x, y and z orientations (ie. 64 tags in each orientation)
over a 10m by 4m area in the laboratory. Figs. 7 and 8 show
the probability of a failed read at each tag location as well as
the RSSI distribution of the 192 tags for a conventional four
antenna RFID system and new DAS RFID system
respectively. It is clear from Fig. 7 that the conventional
system suffers heavily from RF signal fading and tag
orientation, resulting in several read failures. However, the
DAS RFID system is shown to have eliminated or minimised
the effect of fading and the tag orientation effect. As a result,
error free coverage (ie. 100% read success rate) of 192 tags is
achieved in the DAS RFID system compared with <80% in
the conventional RFID system. It is worth noting that the DAS
RFID system gives no read errors over 1 million attempts
when the system is configured to operate continuously as
shown in Fig. 8.
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Fig. 7. Conventional system gives several read failures due to RF signal
fading; (a) probability of failed reads for a conventional RFID system (left).
(b) RSSI distribution for a conventional RFID system (right).
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Fig. 9. Four antennas are distributed over a 10m x 8m office area and 115 Impinj Monza4 tags are placed on desks.

We have also carried out a trial to study the feasibility of
this new RFID system over a wide area in an open plan office
environment. As shown in Fig. 9, the DAS RFID system is
distributed over a 10m x 8m open office area and 115 Impinj
Monza-4 tags are placed on desks. Antenna and tag locations
are also shown in the figure.

Figs. 10 and 11 show the RSSI distributions of successfully
read tags for a conventional and DAS RFID systems
respectively. The cumulative probability density function
(CDF) for the received signal strength of 115 tags is shown in
Fig. 12. The CDF values indicate the fraction of tag locations
where the RSSI is less than or equal to the x-axis value. In this
case 42% of the tags placed on the desks could not be detected
by the conventional RFID system. However with the intelligent
DAS processing, all the tags could be detected, there is also a
significant improvement in the received power when the
intelligent DAS processing is employed.
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IV.TAG READ RATE IN PASSIVE RFID

In the previous section, it has been shown that passive
RFID coverage and read success rate of multiple tags can be
improved by employing a multiple antenna DAS. In a wide
area RFID system where many tags may fall in the field of
view, the read rate will also be of great importance.

The tag read rate of an RFID system is governed by the
modulation scheme which is generally restricted by the tag
sensitivity, and the anti-collision protocol. To date, a variety
of ALOHA based algorithms have been proposed in the
literature to avoid collisions when multiple passive RFID tags
are present. One of the simplest and most common algorithms
is the dynamic Q frame slotted ALOHA [19-21].

A. Read Rate/Speed Enhancement using Intelligent DAS
Processing over R1000/R200 Dynamic Q Algorithm

The read rate is investigated using a probabilistic
algorithm that is commonly employed in commercial RFID
readers, for the number of occupied successful slots (with
useful tag reads), empty slots (with no tag response) and
collision detections (result of more than one tag backscatter)
by the reader. In the system, collisions cause backoffs and if
there are too many collisions the number of available time
slots is increased.

The tag inventory cycle comprises a set of tag read rounds
to read multiple tags. A tag read round has a set of time slots,

determined by the Q-bit random number in the tag slot counter.

At the start of the count all tags randomly set their tag slot
counter. During the count all tags decrement their slot counter
until the tag slot counter is 0. When this occurs they
backscatter their ID in the slot. During the inventory cycle
read tags have the inventorised bit set so that they do not
compete in subsequent cycles, thereby speeding up the
inventory.

It is necessary to estimate the number of tags in the field in
order to achieve optimum read rate/speed. This is because the
optimum rate can only be achieved by issuing the optimum Q-
factor in the Gen 2 protocol. The optimum total number of

slots (determined by 2 e ) is equal to the total number of active
tags in the field as a larger value of Q (larger number of slots)

Successful slottine/ Singletag reply

will lead to fewer collisions but also reduce the read rate due
to more empty slots, on the other hand, a smaller value of Q
will lead to more collisions.

Due to the fact that more than one tag may load the same
Q bit random number into its slot counter, this approach
results in a number of successful tag replies (successful slots),
a number of slots that contains no replies (the empty slots) and
a number of collided tag replies (the collided slots) as shown
in Fig. 13. Successful, empty and collided slots can be
detected by the reader, and each have a different duration.
This information can then be used to estimate the number of
tags in the reader’s field of view and to select the optimum Q
value. The elements of successful, collided and empty slots
are shown in Fig. 13. The slots times are calculated using the
Gen?2 parameters listed in Table 1. The link timing parameters,
T, T,, T3and T4 can be found in [22]. A successful slot time,
Ts is calculated to be 1260.3us while an empty slot time, Te
and a collided slot time, Tc are calculated to be 221.87us and
256.25us respectively.

TABLE 1 THE GEN 2 PROTOCOL PARAMETERS USED IN THE SIMULATIONS

Parameter Description Value

Tari time interval for a data-0 in interrogator- 6.25us
to-tag signalling

RTcal interrogator-to-tag calibration symbol 2.5Tari

TRcal tag-to-interrogator calibration symbol 33.3us

M number of subcarrier cycles per symbol 2

DR divide ratio 64/3

BLF backscatter link frequency 640kHz

The expected number of empty slots (Ny) in an inventory
round is then given by [23]

Ny =22(1-129) 1)

where t is the total number of tags in the field and 29 is the
total number of slots in a frame.

Similarly, the expected total number of successful slots (N;) is
given by Ny = t(1-129)"™" )

Hence, the expected total number of collided slots is given by

Ne=22-292(1-129) - 1 (1-1/29)"" 3)

'
'
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Fig. 13. Estimating/calculating the read speed/rate using information from expected empty, successful and collided slots. A detailed description of the frames

and elements is provided in the EPCglobal standard [22].
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Therefore, by solving (1), (2) and (3) the total number of
tags can be estimated from Ny, N; and Nc as these values are
presented to the reader. The total time for an inventory round
is given by

4

where Ts, Te and Tc are the successful slot time, empty slot
time and collided slot time respectively.

Tw:=N; Ts + NyTe + Nc Tc

The total number of tags can be estimated in three
different ways; using the information from the empty slots (1),
from the successful slots (2) and from the collided slots (3).
Here, a Monte Carlo (MC) simulation is used to determine the
maximum tag throughput for the parameters in Table 1. The
simulation is performed 1,000 times and the results are
averaged over the 1,000 iterations to cope with the random
distribution of the Q factor (Q bit random numbers) which
controls the process. In this simulation, an initial Q value of 9
is assumed to be transmitted from the reader and hence the
frame size is 512 slots (2°). We then estimate the number of
tags in the field and the successful slots over a time period
using the observable parameters as well as the optimum tag
rate equation given in [14]. This model estimates a maximum
read rate of 610 tags/sec in passive RFID with the profile
specified in Table 1. However, in practical system the read
rate will slightly differ from the theoretical limit due to data
transmission errors as a result of poor signal to noise ratio
(SNR).

Hence we have developed and built this profile in our
RFID prototype to allow a comparison the read rate
performance, with the protocol limited maximum. An
inventory using the dynamic Q algorithm is performed with the
system operating as a conventional (where a four pair antenna
system is used to transmit signals simultaneously) and the four
pair antenna DAS RFID system (where intelligent DAS
processing is applied over a four pair antenna DAS system).

As shown in Fig. 14, the conventional RFID system
achieves a tag read rate of 318 tags/sec and the DAS RFID
provides a read rate of 406 tags/sec. Thus, a 28% improvement
in tag read speed is achieved. Moreover, an initial read rate of
> 400 tags/sec is sustained for a greater proportion of the total
tag population using the DAS RFID system. The DAS RFID
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Figure 14. A plot of number of read tags against time for a conventional RFID

system and an optimised DAS RFID system. Conventional antenna system

reads tags at a rate of 318 tags/sec while optimised DAS RFID is at a rate of

406 tags/sec. Hence, a 28% improvement in tag read speed is achieved.

0 200

system also gives a total data transmission error of 28.3% (ie.
ratio between cyclic redundancy check (CRC) errors and
successful reads) compared with a 42.8% data transmission
error in a conventional RFID system. These data transmission
errors explain the deviation from the theoretical predictions.
However, the CRC errors are recoverable since they are
detected and subsequent attempts are successful in the DAS
RFID system.

The improvement in the tag read rate is due to the number
of collisions within each inventory round being reduced and
read success rate being enhanced using the intelligent DAS
processing technique as it moves the nulls around the field.
Hence, only a certain number of tags are active at any time.

Fig. 15 shows a plot of number of RN16 timeouts in each
inventory round against time for the conventional RFID
system and the DAS RFID system. It is again shown that DAS
RFID encounters fewer collided and empty slots compared
with a conventional RFID system. The results clearly illustrate
that a high sustained tag throughput with large tag populations
can be obtained in a DAS RFID that can outperform
conventional RFID readers.
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Fig. 15. (@) a plot of number of RN16 timeouts in each inventory round against time and (b) a plot of aggregate number of RN16 timeouts against time, for

both conventional RFID system and DAS RFID system.
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The demonstrator also shows that while an enhanced tag
read rate is achieved in the DAS RFID system, the initial tag
read rate is sustained for a greater proportion of the total tag
population. This improvement is due to both a reduction in the
number of collisions (result of dynamic grouping) and an
improvement in the read success rate (result of enhanced radio
coverage).

The tag read speed/rate can be improved further by
increasing the backscatter link frequency (BLF) to the 640kHz
maximum, and FMO (bi-phase space) coding for a high data
rate (640kbps). However, with increasing link frequency and
data rate, the energy per bit is reduced, so for a fixed SNR, the
link error rate increases. Therefore, the sensitivity is reduced
by as much as 20dB in changing from 40kbps to 640kps.
However, due to the increased system margin of the DAS
RFID system we have successfully demonstrated a 640kHz
link frequency with a 320kbps data rate.

V. CONCLUSION

This paper has focused on improving the read accuracy,
speed of tag detection and enhancement in stability of a RFID
system demonstrator suitable for testing in realistic
environments.

We have shown that improved coverage can be achieved
in detecting passive UHF RFID tags. Using antenna diversity
combined with intelligent DAS processing in a multi-antenna
co-ax DAS RFID system, a significant improvement in the
power of the signals returned from the tag and the tag success
rate can be obtained.

We have also shown that we can read tags with 100%
success rate (ie. error free operation) compared with <60%
accuracy in a conventional commercial passive RFID system
in office environment (currently, this has been demonstrated
over a 10m by 8m open office area). Finally, we have also
demonstrated a 28% improvement in tag read rate.

The performance enhancement has been demonstrated in
Europe frequency band (ie. 865-868MHz). It is anticipated
that a similar improvement can be achieved across the Global
RFID frequency band.

We believe that this improvement in coverage of a passive
RFID system will allow passive RFID to be used in new
applications such as passenger tracking and document
tracking.
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